Observational and model data are used to study the radiative feedbacks during the El Niño-Southern Oscillation (ENSO) cycle. We extend the previous works by analyzing the feedbacks with respect to not only top-of-atmosphere (TOA) but also the surface and atmospheric radiation budgets, using a newly developed set of radiation kernels. We find that the tropical radiative budgets undergo distinctive variations during ENSO. The radiative perturbation is especially significant for the atmospheric energy budget. We find that the cloud feedback during the developing phase of ENSO heats the atmosphere over the west and central Pacific differentially, which acts to strengthen the development. We also find that a prominent cloud feedback bias persists in the newer version global climate models. This bias results from wrong extent of compensation between longwave and shortwave effects, which points to the importance of validating the radiative sensitivity of clouds in the general circulation models.
Introduction
The El Niño-Southern Oscillation (ENSO) cycle is manifested by dramatic changes in ocean and atmospheric states. The El Niño event, or warm phase of ENSO, is associated with a weakened, or reversed, Walker circulation (Bjerknes, 1966) and is characterized by a sea surface temperature (SST) anomaly in the central Pacific greater than 0.5 K. In a neutral year of the ENSO cycle, deep, convective clouds reside over Indonesia whereas, during an El Niño year, the circulation change causes them to move over the central Pacific (Lau & Yang, 2003) . These SST and atmospheric anomalies that occur during an El Niño provide a context for the study of radiative feedbacks. While many works have addressed different aspects of the energetics of ENSO (e.g., Guilyardi et al., 2009; Li et al., 2015; Rädel et al., 2016; Radley et al., 2014; Sun et al., 2006; Sun et al., 2009; Waliser et al., 1994; Wang & Su, 2015; Yang et al., 2016) , there is a lack of a systematic investigation of the top-of-atmosphere (TOA), surface, and atmospheric radiation energy budgets altogether. To gauge the importance of radiation, we can consider a typical tropical mean atmospheric and surface radiation anomaly during ENSO cycles, which is on the order of 1 W/m 2 (see Figure 1) . A quick, back-of-envelope calculation shows that an anomaly of this magnitude roughly translates to about a 3K temperature change in a year for the whole atmospheric column, but merely 0.03K for a 250-m ocean layer. It is clear that radiation plays a significant role in the formation of atmospheric temperature anomaly during ENSO. For the ocean, a larger anomaly is necessary to create a significant impact, which is not the case for the tropical mean radiation but is possible on regional scales (e.g., the Niño 3.4 region).
Facilitated by satellite observations such as the Earth Radiation Budget Experiment (Ramanathan, 1986) and the Clouds and the Earth's Radiant Energy System (CERES; Loeb et al., 2018) , the TOA radiation balance has been a focus in the literature. A limitation of these satellite measurements is that they offer much less information regarding the surface and atmospheric radiation budgets that are not directly observed by the satellites. The difficulties in calculating the budgets arise from the limitations of the input cloud properties and other information required for radiative transfer calculations (Stephens, 2005) . Despite the difficulties there have been attempts, for example, by Gupta et al. (1999) , Ramanathan (1986) , Trenberth and Caron (2001) , and Zhang et al. (2004) , to create a surface radiation budget. One such approach was to develop a correlation between TOA radiative fluxes and surface fluxes, and then to derive a surface flux directly from satellite measurements (Ramanathan, 1986) . These correlations have been found to work moderately well for the shortwave case (Cess et al., 1991) . Another attempt at deriving a surface radiation budget was made by Trenberth and Caron (2001) who interpreted the surface fluxes to be a residual of the TOA measurements and atmospheric energy budget. Zhang et al. (2004) also tried to calculate the surface budget by using the International Satellite Cloud Climatology Project-C1 (ISCCP) data. Alternatively, surface radiation data are available from general circulation models (GCMs), such as those models of the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2012) and reanalysis data sets, such as the ERA-interim (Dee et al., 2011) , although it is recognized that the model data sets are subject to inaccuracies (Wild et al., 2013) .
To understand the radiation budget during ENSO, it is important to dissect the various radiative feedbacks. A feedback, by definition, is the radiation anomaly induced by a meteorological variable in response to a change in surface temperature. Widely recognized to be important are the feedbacks of water vapor, temperature lapse rate, and cloud. Among them, especially uncertain in GCMs is the cloud feedback (e.g., Dufresne & Bony, 2008) . Previous investigations disclosed a number of model deficiencies within the context of ENSO. For example, it was found that the earlier models tend to underestimate the strength of negative shortwave cloud radiative forcing over the equitoral Pacific (Sun et al., 2006) and overestimate the positive feedbacks from water vapor (Sun et al., 2009 ). Comparison to observations showed that the GCMs of the CMIP Phase 3 (CMIP3) have a strong, positive feedback signal over the central Pacific, which is not present in the observations (Dessler, 2013) and a seemingly too positive tropical mean cloud radiative feedback (e.g., Lindzen & Choi, 2011; Spencer & Braswell, 2011) . Because of these discrepancies between GCMs and observations, concerns that the climate sensitivity in the models may be biased to be too high were raised, although other studies disputed such claim (e.g., Dessler, 2010; Trenberth et al., 2011) and found no direct relationship between a model's ability to simulate the variance of natural phenomenon, like ENSO, and the forced global warming (Fyfe et al., 2010) .
A major challenge in studying cloud feedback is that it is difficult to quantify it as there are numerous cloud properties, including cloud amount, height, and optical depth, that need to be known in order to directly and accurately quantify it. The way in which feedbacks are calculated varies between models and studies. A variety of methods have been used. One method, introduced by Wetherald and Manabe (1988) , uses offline radiative transfer calculations to compute changes in radiative fluxes between two climate states (Soden et al., 2004) . Another method, developed by Cess et al. (1990) and Cess et al. (1996) , uses prescribed SST perturbations to change TOA fluxes. Although widely used, both of these methods have their drawbacks. While the first method is computationally expensive, the second method by itself does not isolate feedbacks of variables other than clouds (Soden et al., 2008) . A third method to analyze feedback, which is used in the analysis presented below, is the kernel method. The kernel method was explained by Soden et al. (2008) . A mathematical description of this method is also recapitulated here in section 2.2. In this method, each radiatively important meteorological variable has its own radiative kernel, which is the response of the longwave and shortwave fluxes to an incremental increase (in temperature, water vapor, etc.; Soden et al., 2008) . When the kernel is multiplied by the actual change in the meteorological variable it provides an estimate of the radiative impact of this variable. The kernel method is advantageous for feedback calculation because it is computationally efficient. Many authors have looked into the inaccuracy of the radiative kernel method 10.1029/2018JD028401 (e.g., Soden et al., 2008; Vial et al., 2013) . For TOA kernels, comparisons show that feedbacks from different sets of radiative kernels differ by 10% or less (Chung & Soden, 2015) . While few surface kernels exist, radiation closure tests show that the kernel method can properly decompose the global mean radiation budget to within the same level of uncertainty . Therefore, it is of interest to look at ENSO in the context of the more recent CMIP5 models and compare their results to observations. It is especially interesting to examine the radiative feedbacks with respect to all three budgets: TOA, surface, and atmosphere. In this study, we will apply a new set of radiative kernels in order to dissect the radiation feedbacks during ENSO with respect to these budgets. In the following sections, we will describe our feedback analysis method, results, and implications in order.
Data and Methods

Data Sets
This work uses the EBAF-TOA Edition 4.0 observational data from the CERES instruments (Wielicki et al., 1996) . Specifically, we use the measured TOA fluxes configured at a 2.5 ∘ × 2.5 ∘ spatial resolution. We use monthly mean data from March 2000 to September 2015 and define an anomaly to be the deviation from the 15-year climatological mean. This definition applies for the anomaly of a single month and also 3-monthly mean. For example, the July-August-September (JAS) 2015 anomaly, is calculated as JAS 2015 minus the 15-year mean of all JAS. By using this definition we also exclude the signals due to the seasonal cycle. This definition also applies to other data sets used below.
To compliment the CERES observational data, we use the ERA-Interim (ERAi) Reanalysis data (Dee et al., 2011) . From this data set, we use their meteorological variables: surface and atmospheric temperature, specific humidity, and surface albedo. As shown in Figure 1 , there is noticeable discrepancy between the CERES and ERAi surface radiation data in terms of tropical mean monthly radiation anomalies. Hence, in order to keep our feedback analysis self-consistent and to reduce residual error (see the radiation closure tests described below), we use the ERAi computed surface fluxes. We note that this choice of surface radiation data is to ensure consistency and is not based on the judgment of data quality and acknowledge that in doing so we limit the accuracy of our surface cloud feedback to the extent that ERAi radiation flux represents reality.
In addition, we compare observations to GCM simulations. A set of GCMs are selected from the CMIP5 ensemble (Taylor et al., 2012) . In particular, their data from the preindustrial control experiments are used. These models include the Community Earth System Model (318 years), the Coupled Physical Model version 3 from the Geophysical Fluid Dynamics Laboratory (Griffies et al., 2011; 340 years) , the NCAR Community Climate System Model version 4 (Gent et al., 2011; 500 years) , and the Hadley Centre Global Environment Model version 2 (Jones et al., 2011) from Met Office (240 years).
For the kernel analysis, we use a newly developed set of radiative kernels , derived from ERAi variables, to compute the radiative anomalies caused by the meteorological variables. These kernels are new in that (a) they are based on reanalysis (as opposed to GCM) atmosphere; (b) they include surface kernel; and (c) they are averaged over partial radiative perturbation over longer period (5 years, as opposed to one). These points were clarified by Huang et al. (2017) . Huang et al. (2017) also intercompared the kernels, which suggests the inaccuracy due to different kernel data is generally within 10% in terms of global and regional means, in consistency with previous assessments (e.g., Shell et al., 2008; Soden et al., 2008) . The data are configured at a 2.5 ∘ × 2.5 ∘ spatial resolution and presented at 19 vertical layers.
Feedback Quantification
First, it is important to note that every flux is defined to be downward positive. Therefore, we may write
We use a kernel method (Soden et al., 2008) to determine the radiation anomalies caused by the anomalies in temperature, humidity, and albedo. This method measures a feedback as the product of two factors: (1) the radiative kernel, precalculated by a partial perturbation method, that is, by a small perturbation to a base climate variable and observing the TOA or surface response, and (2) the climate response simulated by each model. For the noncloud climate variables, we compute the feedback as
where K x is the radiative kernel and ΔX is the climate response, that is, the anomaly of each X variable. Then we compute the cloud feedback following equation 25 in Soden et al. (2008) :
where ΔCRF is the CERES (TOA) or ERAi (surface) total radiation anomaly and (G ∘ − G), the flux, is zero. We find that the cloud feedback analyzed from equation (3) is in good agreement with that measured as a residual term of the all-sky radiation decomposition, which is used for the GCM cloud feedback estimation where the clear-sky data are not available.
In this analysis we use the TOA and surface kernels of Huang et al. (2017) . This allows us not only to study the surface or TOA radiation balance but also to derive an atmospheric budget, which is defined as
The appropriateness of the feedback decomposition is verified by a radiation closure test. Nonclosure is measured by the difference between GCM-simulated or satellite-measured clear-sky total radiation anomaly ΔR and the sum of the kernel-derived radiative anomalies ∑ x ΔR x . Its magnitude signifies the consistency between radiation and meteorological variables. Figure 2 verifies that the kernels and the radiation and meteorological data used in this study can achieve good radiation closure. Note that ERAi TOA fluxes yields similar results to what is shown here but CERES surface flux yields larger nonclosure. Hence, the combination of CERES TOA and ERAi surface fluxes is used in our analysis.
Regression Analysis
In order to quantify the radiation response to SST variation during the ENSO cycle, we regress the various radiative anomalies, obtained by the kernel method, to the Oceanic Niño Index (ONI; http://origin.cpc. ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php), which is the 3-month running average of the SST anomaly of the Niño 3.4 region.
To look further into the role played by radiation during different phases of ENSO we perform a lagged regression. We first create a lagged (from −12 to 12 months) ONI time series and then regress each 3-month mean radiation anomaly to the lagged ONI vector.
The lagged linear regression takes the form
where y is a time series of the radiative anomalies, with units of W/m 2 , x is a vector of the running mean ONI values, with units of K, and the regression coefficient, , with units of W/m 2 per K (ENSO index anomaly), gives the relationship between various radiative anomalies and the Niño 3.4 region SST anomalies. In the feedback analysis, we first identify anomalies in meteorological variables, such as temperature and humidity, and in the radiation fluxes of ERAi and CERES, respectively. Then, the kernel method (equation (2)) is applied in order to obtain the radiation anomalies caused by the noncloud variables. Then we then find the cloud-induced radiation anomaly by applying equation (3). Note that in this analysis the net radiation is naturally decomposed into its longwave (LW) and shortwave (SW) components. Finally, regression and lagged regression analyses are conducted to obtain the radiative response to SST anomaly, which from now on we term feedback (unit: W m −2 K −1 ). This procedure is done for the TOA and surface feedbacks respectively, and then atmospheric radiation feedback is derived as the difference between them.
Results
In this section, the observational results will be presented first, followed by the model results. When presenting the model results we will focus on the model biases identified.
Observational Results
The first row of Figure 3 looks at the tropical mean radiative response per Kelvin warming of the Niño SST. Note that we define the tropics as the latitude band between 30 ∘ North and 30 ∘ South. What we notice at TOA is that the net regression coefficient ( net ) evolves from positive to negative, indicating that overall radiative effect is to boost SST anomaly development during the early developing phase of El Niño and to help maintain it afterwards. At the surface, the tropical mean net radiative feedback is positive while it is negative with respect to the atmospheric budget. Here we stress the transition from positive (while radiation leads SST) to negative (while radiation lags SST). While the tropical mean feedback is close to zero at zero lag, this is still a result of a significant energy partition between the atmosphere and ocean (Figure 8 ) and between different regions ( Figure 5 ).
The feedback decomposition (the second and third rows of Figure 3) shows that the overall radiation feedback is dominated by the cloud feedback. Although the temperature and water vapor feedbacks are both of considerable magnitudes they largely compensate, especially for the TOA and surface budgets.
It is interesting to note that although a strong negative SW cloud radiation feedback was noted for the TOA and surface budgets in the Niño region (e.g., Waliser et al., 1994) , because of the compensations in the other regions (e.g., the Warm Pool in the Western Pacific, see Figure 5 in the following), the tropical mean SW cloud feedback is not so. The tropical mean net cloud radiative feedback, at TOA, varies from positive in the developing phase (when radiation anomaly leads SST anomaly) to negative in the dissipating phase (when radiation anomaly lags SST anomaly).
The atmospheric feedback (third column of Figure 3 ) is mostly contributed by the cloud and temperature feedbacks. The temperature feedback becomes strongly negative when radiation leads SST by about 6 months-roughly the time when tropical mean temperature anomaly becomes positive (not shown). This reflects the negative Planck feedback that stabilizes the tropical climate.
Although Figure 3 provides an overview of the radiative energetics of the whole tropics during the lifecycle of ENSO, as indicated by Figure 4 , the tropical mean radiative feedbacks result from compensating regional feedbacks of different signs and larger magnitudes. Note that only the geographic distribution of the feedbacks at zero-time lag are shown in Figure 5 ; the feedbacks at different lags are provided in the supporting information Figures S1-S10. cloud radiative effect. For example, the positive longwave and negative shortwave signals at TOA in the central Pacific are indicative of a trapping of thermal radiation and a reflection of solar radiation, respectively. At the surface, there is a strong decrease of shortwave radiation as less is reaching the surface due to the presence of clouds.
The first rows of Figures 4 and 5 show how the net TOA radiative feedback decomposes to the longwave and shortwave feedbacks, which, because of the opposite effects of clouds, is of opposite signs and largely compensates. Interestingly, the compensation is nearly prefect so that around the central Pacific region, the net TOA radiative effect is neutralized, leaving a very small regional mean effect with respect to either overall or cloud feedback. As discussed below, GCMs generally fail to simulate the correct extent of this compensation.
Another perspective to view the TOA radiation feedback is to decompose it to surface and atmospheric feedbacks. It is seen here that the LW feedback is mainly exerted on the atmosphere while the SW feedback on the surface. Moreover, each of the components shows patterns of strong regional compensations (e.g., between the west and central-eastern Pacific). This is not surprising because El Niño is characterized by the movement of convective systems (clouds and moisture) between the two regions. It is worth pointing out here that although it is affirmed there is a strong negative SW feedback in central Pacific as found in earlier studies (e.g., Waliser et al., 1994) , this local feedback does not explain the tropical mean radiative energy budget because it is overcompensated by the opposite effect elsewhere, for example, in west Pacific.
Very importantly, even though the cloud and overall feedbacks in central Pacific is strongly negative with respect to the surface budget and weak with respect to the TOA budget, the feedbacks are strongly positive for the atmospheric budget. Because of the small heat capacity of the atmosphere, it can be expected that the radiative heating in this region, as well as the differential heating between the west and central Pacific, is consequential (Rädel et al., 2016; Schumacher et al., 2004; . It warrants future studies to test this hypothesis and elucidate how the tropical circulation is driven by such atmospheric radiative forcing.
Finally, we examine the radiative feedbacks of the noncloud variables. The tropical mean temperature (T) and water vapor (Q) feedbacks are shown in the third row of Figure 3 . The temperature feedback, which includes both the atmospheric and surface temperature feedbacks, peaks just after an El Niño event, so does the water vapor feedback. They are both of significant magnitudes. Especially with regard to the atmospheric budget, recalling the back of the envelope calculation, a perturbation of this magnitude translates to significant atmospheric heating. Figure 6 shows the distributions of the kernel-calculated radiative feedbacks. At TOA, and within the atmosphere, T , which is composed of both the atmospheric and surface temperature feedbacks, is largely influenced by the atmospheric temperature anomalies, as revealed by the dumbbell-pattern present to the North and South of the central Pacific. This pattern is closely linked with a pattern of deep convection over the central Pacific and resembles the linear response to an equatorial heat source with an eastward shift (Yulaeva & Wallace, 1994) . Figure 6 also shows a strong atmospheric water vapor feedback signal in the central Pacific because deep convective systems reside over there during El Niño.
We can conclude that the radiative feedback significantly perturbs the energy budget of the tropics during ENSO. This is especially true for the atmospheric energy budget. The respective feedbacks are characterized by distinctive patterns, reflecting the anomalous distribution patterns of the meteorological fields (clouds, temperature, and water vapor). These feedbacks are each individually important, but there are significant compensations between geographic regions (west and central Pacific), between spectral components (longwave and shortwave), and between the atmosphere and ocean. This suggests that, to understand the role of radiation in ENSO, it requires distinction of its effects on different components of the tropical climate system.
GCM Results
We next examine the radiative feedbacks in the GCMs, focusing on their biases compared to the observational data. Figure 7 shows the intermodel mean of cloud feedback averaged from the GCMs listed above. Table 1 shows the intermodel mean, , and standard deviation, , of the tropical mean overall and cloud feedback in the GCMs, compared to the corresponding observational values.
The GCMs analyzed here can all successfully simulate the movement of deep convective systems from west to central Pacific during El Niño. As a result, the component feedbacks (e.g., the TOA, LW, or SW) well reproduce the bipolar patterns shown in the observational analysis ( Figure 5 ). However, a noticeable bias shows in central and east Pacific with regard to the TOA net radiative feedback. While the observational data (CERES) show a neutralized net feedback in this region, the GCMs show a very strong positive feedback. Although not separately shown, this bias exists in each of the GCMs analyzed here. This suggests the compensation of cloud feedbacks between the LW and SW (between the atmosphere and ocean) is made to a wrong extent in the GCMs. As a result, the tropical mean cloud feedback at TOA, and consequently the tropical mean overall feedback at TOA (see Table 1 ), is too positive in the GCMs. Although the GCM biases in cloud feeback were noted previously, especially with regard to the SW feedback (Li et al., 2015; Lloyd et al., 2012; Sun et al., 2009) , we find here a more significant bias resulting from the compensation between the LW and SW feedbacks. This points to the deficiency in radiative sensitivity to cloud (dR LW /dC + dR SW /dC) besides the bias in cloud (dC) itself in the GCM simulations. Interestingly, similar bias was discovered in the previous version of the models (Dessler 2010) and is found in the AMIP runs of atmospheric GCMs, for example, the Whole Atmosphere Community Climate Model with prescribed, observed SST from 1950 to 2008 that we also examined. This noticeable bias has apparently persisted in the newer models despite various improvements in their physics schemes. Figure 8 further compares the cloud feedback in the models to observations during the ENSO cycle. It is shown here that the aforementioned cloud feedback bias with regard to TOA and atmospheric budgets is persistent over the ENSO cycle, not only at the zero lag time. In terms of the tropical mean the spatial compensation is about exact, leading to near zero net TOA feedback in the observation but is biased to be positive in the GCMs (see Figure 8 , first panel). This is in agreement with Dessler (2010) . Similarly, Figure S11 shows that compared to the observation, the TOA LW-SW compensation bias in the central-eastern Pacific persists over the ENSO cycle in the GCM.
Conclusions and Discussions
In this study we examine the radiative feedbacks during the ENSO cycle in observations and models by using a new set of radiative kernels. We, for the first time, conduct a comprehensive radiative feedback analysis not only for the TOA but also for the surface and atmospheric budgets.
The ability of the kernel method to appropriately analyze the variability of radiative fluxes during ENSO is shown in Figure 2 . We find that a very good radiation closure can be achieved by using the TOA and surface kernels, together with the radiation and atmospheric data chosen.
By looking at lagged regression results (Figure 3 ), we are able to document how the various radiative feedbacks behave at different phases of ENSO. At TOA, in the observations, the tropical mean cloud radiative feedback transits from positive to negative at the peak of the El Niño event. This transition indicates that the cloud radiative feedback plays an important role in helping to build, and then maintain, a positive temperature anomaly. From the magnitudes of the feedbacks, we find that the radiative feedback each significantly perturbs the energy budget of the tropics during ENSO. This is especially true for the atmospheric energy budget.
Very importantly, the respective feedbacks are characterized by distinctive spatial and spectral patterns (Figures 3-5) , reflecting the distributions of the anomalies of the meteorological fields during ENSO. The significant compensations between geographic regions (west and central Pacific), between spectral components (longwave and shortwave), and between the atmosphere and ocean suggests that, to understand the role of radiation in ENSO, it requires distinction of its effects on different components of the tropical climate system. For instance, our analysis discloses a strong, positive atmospheric feedback that acts to strengthen ENSO during its development through heating the atmosphere while exerting strong, opposite effects on the atmosphere over west and central Pacific; such a strong differential heating may drive changes in the tropical circulation system and strengthen the El Nino via a Bjerkenes feedback (Rädel et al., 2016; . While some research has been done in an attempt to understand how differential heating affects aspects of the system and circulation (Su & Jiang, 2013; Yang et al., 2016) , further research is required to understand how such radiative heating patterns relate to the atmospheric circulation changes during ENSO.
The observations have also been compared to various GCMs. We find that the spatial patterns of feedbacks in the GCMs are in reasonable agreement with those in the observation (Figure 7 ). However, a noticeable discrepancy in the cloud feedback that was found in earlier GCMs is found to persist in the CMIP5 models. This discrepancy is most noticeable over central-eastern Pacific where the observations show a neutralized TOA cloud feedback while the GCMs show a positive feedback. This suggests the longwave and shortwave (or atmospheric and surface) feedback compensation is not correctly simulated in the models. This discrepancy leads to a bias in the tropical mean TOA and atmospheric feedbacks, which are persistent over the ENSO life cycle (Figure 8 ). The breakdown of the budgets (Figure 8 and Table 1) shows that the too positive GCM cloud feedback bias (shown by TOA analysis) especially affects the energy convergence in the atmospheric column (and less in the ocean), which would affect their representation of the above feedback mechanism and potentially the ENSO amplitude simulated. Furthermore, the bias points to the importance of radiative sensitivity of the clouds (dR/dC) in the GCMs instead of the simulation of the clouds themselves (dC) and warrants future investigations to improve this aspect of the GCM simulation.
